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ELECTRICAL TECHNIQUES FOR CCOMPENSATION .Of 'I'HERMAT,
TIME LAG OF THERMOCOUPLES AND RESISTANGE
THERMOMETER ELEMENTS

By Charles E. Shepard and Isidore Warshawsky

SUMMARY

Basic electrical networks are described that compensate ror the
thermel time lag of thermocouple and resistance thermometer elements
used in combustion research and in the control of jet power plants.

The measurement or the detection of repid temperature changes by use of
such elements can thereby be improved.

. For a given set of operating conditions, networks requiring no
emplifiers can provide a thirtyfold reduction in effective time lag.
This improvement is obtained without attenuation of the voltage signal
but results in.a large reduction in the amount of electric power avail-
able because of an increase in the output impedance of the network.
Networks using commercially available amplifiers can provide a thousand-
fold reduction in the effective time lag without attenuation of the
alternating voltage signal or of the available electric power, but the
improvement is often obtained at the expense of loss of the zero-
frequency signal. The campleteness of compensation is limited by the
extent of off-design operation required.

INTRODUCTTION

The control of jet engines and the fundemental study of the dynamic
combustion phenomens assoclated with such power plants involve the meas-
urement of fluctuating gas temperatures. When a thermocouple or resist-
ance thermometer is used as the primary element for such temperature
measurements, the thermal lag of the element, caused by slow rate of
heat transfer between the element and the surrounding gas, limits the
ebility of the element to follow such fluctuations. The thermal lag is
such that, as the frequency of the fluctuations increases, the smplitude
of the fluctuations indicated by the element decreases and also lags in
time behind the true temperature. Sometimes it is possible to use a



2 WACA TN 2703

primary element of sufficiently small size to achieve adequately rapid
response. In many cases, however, such small elements have insufficient
mechanicel strength and inadequate service life, so that larger elements
with apprecieble lag must be employed.

8852

Since the output of the primary element is an electric voltage,
electrical networks can be used to campensate for the time lag and the
reduction in response smplitude and thereby to permit measurement of
rapidly changing temperatures with improved fidelity. Compensatlon of
this type, generally involving specially designed amplifiers, has been
the basis of hot-wire anemcmetry (for exsmple, references 1 to 3).
Such compensation is also provided by the equalizing networks used in
cammnicaetion engineering.

Some basic networks that can be used individually or in combina-
tions to campensate for the thermal lag of the primary electric ther-
mameter elements used in jet engine operation are described herein. In
those cambinations which include amplifiers, the emplifiers are of a
semi-industrial type, available cammercially, and capable of extended
use without adjustment or service. ) :

In general, the campensating network is designed to correct for a
given amount of primary-element thermal lag which can be described by
a characteristic "time constant" of the element. The magnitude of this
time constant is a function of the mechanical design of the element and
of the serodynamic conditions in which the element is used (reference 4).
Since the compensation employed is generally correct for only one set
of aerodynamic conditions, the effects upon the performance of the com-
pensated system of deviations from the design point must be considered.
If the time constant of the primary element has been determined experi-
mentally at one set of aerodynamic conditions, it 1is generally possible
to campute the time constant at other sets of aerodynamic conditions
and then to adjust the electrical compensating system for the new set
of conditions.

The nature of the response of the basic primary element and the
principles of electrical lag campensation will first be reviewed herein.
Then, after introduction of the operational terminology of the "fransfer
function,™ several basic types of campensator circult, both alone and
in combination with amplifiers, will be exesmined in detail. The next
section will consider the effects of off-design -operation on performance.
Finally, the performance of two specific assemblies of apparatus will
be described and their particular fields of usefulness indicated.

In the presentation of compenseting clrcuits, two basic forms of
compensator, the resistance-capacitance (RC) and the resistance-inductance
(RL) types, will first be described, together with one simplification of
the RC type, the differentiating type. These campensators suffer from
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a deficiency in that the improvement in effective time constant (and
therefore in frequency response) is achieved only at the expense of a
corresponding attenuation of signal. The addition of an amplifier can
correct for this attenuation. The amplifier introduces noise that tends
to mask the signal; however, the addition of a transformer as a pre-
amplifier permits attainment of a more favoraeble signal-to-noise ratio.
A feedback amplifier can be designed to combine the functions of ampli-
fier and compensator. Finally, there will be described snother basic
type of campensating network, the transformer type, that cambines the
functions of noise-free amplifier and of campensator.

The analysis and results presented herein constitute a portion of
a temperature measurements research program being conducted at the NACA
Lewis laboratory.

TIME LAG COMPENSATOR NETWORKS
Response of Primary Element

Differential equation of primary-element response., - If a thermo-
couple or a resistance thermometer element is subjected to a changing
gas temperature To(t), the time rate of change dTJ/dt of the element
temperature Tl(t) is proportional to the temperature difference
(To - Tl). This mey be expressed (reference 4) as

Ti (aT;/at) = 1o - T;L or Ty (dﬂ?l/dt) + T =T (1)

where the factor of proportionality T,, the "time constant," is charac-

teristic of the element, of the ghs properties, end of the gas flow
conditions., The value of the time constant completely defines the
response of the element temperature to a changing gas temperature.
(A1l symbols used herein are defined in appendix A.)

Response to two simple types of gas temperature change. - The
response characteristics of the primary element are visualized most
simply by reference to figure 1, which describes the response to two

types of input change:

(a) The curve of figure 1(a) shows that in response to a sudden
"step change" AT; in gas temperature, the approach of the element

temperature to its new value is along an exponential curve and covers
63 percent, 86 percent, 95 percent, and 98 percent of the interval AT,

in time T,, 2Ty, 3Ty, and 4T, respectively.

e e r it am r o v oam e aa s e e S — — e e o e ma M e e o e A T S — e A, Py ———n | v A =
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(b) In response to a steady sinusoidal variation in gas temperature
of amplitude To eand angular frequency , the temperature of the pri-

mary element will oscillate with reduced amplitude T; and will lag in
phase and time, as shown in figure 1(Db).

The value of the amplitude ratio T,/T, is shown in figure 1(c)
as a function of the angular frequency . When ® = 1/T;, the ampli-

tude ratio has dropped to l/ﬁ It is customary to term the response
"flat" to the point where ® = 1/T; and to term this point the "limit"

of response, or the "cut-off point."

Curves of time lag and phase lag are shown in figure 1(d) as a
function of angular frequency. When o = 1/1'1, the time lag is nTl/4
and the phase lag is 45°., The time lag is substantially equal to Ty
for o7 < 1.

Response in terms of voltage. - The output emf e; from a thermo-

couple or from a resistance-thermometer bridge can be represented as
being proportional to the difference between the temperature T; of

the primary element and some reference temperature Ty such that

e] = (T, - TR) (2)

For a thermocouple, Ty is the "eold~Junction" temperature; for a resist-
ance thermometer, Ty 1s the "reference resistor" temperature. In the

case of the thermocouple, @ 1s the thermoelectric power; in the case of
the resistance thermameter, Q@ is the product of the temperature coeffi-
cient of resistance of the thermometer element, the voltage applied to
the bridge, and a dimensionless function of the bridge circult resist-

ances.

A fictitious emf ey will be defined as the equlvalent emf that
would be produced by a primary element at a temperature T

Substituting equations (2) and (3) into equation (1) ylelds

T, (de]jd'b)/ + ey = eg (4)

2388
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Principles of Electrical Lag Campensation

Electrical lag compensation could be produced if an electrical
network were found that could perform upon the primary element output
signal ey the operations described by the left side of equation (4).

The result so obtained would be the voltage ep representative of the
true gas temperature. '

A network that spproximates the desired operatfl.ons is shown in-
figure Z(a). Suiteble choice of the elements R and C can produce a
current through R proporticnal to the time derivative of input vol-
tage; suitable choice of Rp can produce an additional direct current

through R proportional to the input voltage; by proper cholce of the
constants of proportionality, the total current then flowing through R,
and therefore the voltage across R, can be made approximately propor-
tional to ep, as given by equation (4).

A second network that approximates the desired operation is shown
in figure 2(b). Suitable choice of the elements R, Ry, end L can

produce a voltage across L approximately proportional to the time
derivative of input voltage and a voltage across Ry . proportional to
the Input voltage; by proper choice of the constants of proportionality,
the sum of the voltages across L and Ry can be made approximately ¢
proportional to ep, as given by equation (4).

A third network that approximates the desired operations is shown
in figure 2(c). Suiteble choice of the elements Rp, Ly, and N can
produce a primary current approximately proportiocnal to input voltage
and a secondary emf proportional to the time derivative of primary
current and therefore to the time derivative of input voltage. With
sulteble choice of circuit constants, the autotransformer connection
can then produce the summation required by equation (4).

In order to establish a mathematical basis for such compensating
methods and for more complex refinements of the basic principles and %o
define the limits of epproximetion, it i1s convenient to introduce the
concept of the transfer function.

Operational Terminology and the Transfer Function -

Operational terrﬁinolog_y_. - The response of the simple system repre-
sented by equation (1) to an applied temperature To(t) of arbitrary

form is given by
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Ty = ce_t/'r:L + e—t/Tl ﬂt/Tl (To/Ty)at (5)

where c¢ 1is a constant determined by the initial value of T,. How-

ever, it is more convenient for purposes of discussion to present the
solution in a symbolic form wherein the symbol p replaces the dif-
ferential operator d.( )/d:b of equation (l). Then the solution of
equations (1) and (4) can be indicated by

1 . .
Tl = jjTlP TO (68.)

1
el = iTT_lP eo (Sb)

It can be shown that, as long as p is multipiied only by constants,
it may be treated as an algebraic quantity where p represents

a( )/at, p® represents d2( )/at2, 1/p represents f( )dt, and so
forth (reference 5). The usefulness of this method of representation
is revealed by noting that (1) linear differential equaetions of more
camplex form than equation (1) can be solved by the operational methods

of Heaviside or Laplace, where the appropriate operator replaces p;
and (2) that when eg - is represented as a Fourier series

e0=Q(T-TO)=n§O§nsin (nwt - 6,) (7)

the solution of such differential equations is obtained in camplex
representation by formally replacing p by Jw (references 5 to 7).
The amplitude ratio, the time lag, and the phase lag, at each angular
frequency ®, are then readily derivable. For the primary element with
characteristic given by equation (6) and input ey glven by equa-
tion (7), the response e; 1is

. =
ey = Q(Ty - Ty) = ;O — inzszlz sin (nst - 6, -9,)  (Sa)

vhere

P = tan™1 (moTq) (8b)

2388
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In order to take advantage of the convenience afforded by the
operational terminology, all systems treated in this report will be
assumed linear.

Definition of transfer function. - The dimensionless ratio of the
output quantity (expressed as a function of p) divided by the input
gquantity (a.lso expressed as a function of p) is defined as the transfer
function Y(p) of a system cbeying a linear differential equation.

Fram equation (B8) the transfer function of the primary element is

Yl(P) = f*_],-r_l‘i' ) . (9)

’

The advantages of expressing the characteristics of systems- such
as electrical networks by means of transfer functions are

(a) The equivelent transfer function, and hence the response
characterlstics, of a system composed of several elements can be
obtained from the transfer functions of the individual elements by
simple algebraic methods. / S

(b) The respcnse of a system having a transfer function Y(p) to
en impressed sinusoidal voltage E sin (wt-9) is [E sin (at-9)] Y(jo),
where Jjo has been substituted for the operator p.

Transfer function of cascaded system. - When several elements are
joined in cescade as in figure 3(a), that is, when the output of one
element is fed into the input of the adjacent element, the resultant
transfer furiction is the product of the transfer functions of the indi-
vidual elements. If this product is a constant, one transfer function
is seid to be the inverse of the others.

As an exemple, if the primary element output e given by equa-
tion (6b) is applied to an electric network whose transfer function is

Y, (p) = (1/45.)(2+T;D) (10)

where Adc 1s a constant (representing the attenuation at zero fre-

quency), the resultant product Yl(P) Yé(p) will be equal to 1/Adc,-
and the .output e4 will be proportional to the fictitious emf eg and
hence to the epplied temperatlire Tg. Therefore, at all frequencies at

which changes in Ty may occur,

eq = (L/Agc)e0 (11)
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Networks that have transfer functions Inverse to the primary ele-
ment over a limited frequency range will be described under Compensating
Circuits. These networks, in their working region, have the transfer
function of equation (10).

Transfer function of additive system. - If the outputs of several
networks which have a ccmmon input are added as shown in figure 3('b) B
the resultant transfer function is equal to the sum of the transfer
functions of the individual networks.

2388

Combination of cascaded and additive systems. - As an example, the
arrangement of networks shown in figure 3(c), with the transfer functions
of the various networks as shown in the figure, ylelds an output emf eo

equal to the input emf e,

Compensating Circuits

Terminology. - In following paragraphs, various compensating systems
will be treated. These systems will generally consist of basic cam-
ponents conveniently designated transformers, amplifiers, compensators,
and so on. The terminology is clarified by the block diagram of fig-
ure 4 which shows the most common combination of components and the sub-
scripts assigned to the components, to the potential differences at
their terminals, and to the constants by which they are characterized.
In this figure, the term "compensator" has been assigned to that com-
ponent the chief function of which is to correct for the reduction in
response amplitude of the primary element with increasing frequency of
the applied tempersture variation. Unless specifically indicated other-
wise, the terminology of figure 4 will apply to material presented in
subsequent paragraphs of this discussion of compensating circuits.

A compensating system (includj_ng one consisting of a single com-
ponent) will be characterized chiefly by two parameters: The frequency-
response improvement factor F is equal to the ratio of the upper cut-
off frequency of the compensated system to the upper cut-off frequency
of the unccompensated primary element; the over-all gain factor G is
equal to the ratio of the voltage output of the system (as it appears
at the detector input terminals) in the region of flat frequency response
to the equivalent electric input signal ey to the primary element.,

RC and RL compensating circuits without ainglifier. -~ Two baslc net-
works which approximate the characteristic defined by equation (10) are
shown in ‘figures 2(a) and 2(b). The transfer function of these compen~
sators in the idealized case of negligible source impedance and load
admittance is
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14T,
o) = (3) s (122)

where T, and r are defined in figure 2. The value of |Y,(jw)| is
shown in figure 2(d). For the condition T 4 = T, where the compensator
time constent T, 1is equal to the primary element time constant Ty
the product Y,4(p) Yq(p), which describes the performence of a system
consisting of the primary element plus compensator in cascade, is

Y, (p) Y]_(P) = <%> ﬁ;ﬁ ‘ (13)

This equation represents a linear first-order system, with the effective
time constant reduced by a factor of r from the value of T for the

primary element alone. For this idealized system, F =r eand G = l/r.
The system has the following additional characteristics:

(a) The response to a steady sinusoidal input Eg sin ot is a sine
wave of amplitude Ey/ |r L/l £ of (T4/r)2:] and phase lag ten™t (wTy/7).

This response is shown in figures 5(a) and 5(b). The range of "flat"
response 1s extended by & factor F = r over that of a simple primary
element. The attenuation of a zero frequency signal is Aje = l/G =TI,

(b) The amount r by which the freguency response can be improved
is limited by the amount of amplitude attenuation that can be tolerated.

(c) The response to an impressed step change of magnitude Aep is
described by an exponential curve having a time constant T J/r and a

megnitude of change Aep/r (fig. 5(c)). Consequently, the improvement
in time constant is accomplished at the expense of & corresponding
reduction in amplitude Aey of the output signal.

(d) The meximum value of time constant which can be compensated is
determined by the components of the compensator. For the compensator
of figure 2(a), the RC network, the maximum velue of RpC offers no
practical limitetion in the epplications generally encountered. In the
case of the RL network of figure 2(b), the maximm possible value
L/R]-_I min ©Ff the time constant (where Rr, min 18 the resistance of the

J J

inductor) is usually a function of the welght of the inductor. For com-
mercially available inductors, a value of L/RL,min of 0,05 secornd is

typical for a weight of 1 pound and the time constant increases approxi-
metely as the square root of the weight of the inductor.
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(e) The output impedance of the network varies with frequency. For
the RC network of figure 2(a), the output impedance has a maximm value
of approximately R at zero frequency and approaches the resistance of
the primary element at very high frequencies. The output impedance of
the RL network of figure 2(b) has a minimum velue of approximastely Ry

at zero frequency and approaches R at very high frequencies.

882

Effect of loading on RC and RL campensators. - The transfer func-
tion given in equation (12) is derived for the conditions of a source
of negligible impedance and a load of negligible admittance. If a com-
pensator of the type of figure 2(a) or of figure 2(b) is connected to a
source of resistance Ry and to a load of resistance R) (fig. 6), the
effect is to change the form of the transfer function. Although the
value of T, 1is unchanged in all cases, the factor by which the d-c.
signal is attenuated is no longer equal to r, nor does r any longer
represent the factor by which the frequency response is extended when
the compensator is connected to a primary element of time constant
Ty = Tgo Under the condition of nonzero source resistance and finite

load resistence, the gain factor of the cambination of compensator and
primery element will be denoted G4 and the factor by which the fre-

quency response is extended will be denoted F,. The transfer function
is

T
T4(0) = Gy s (120)

as campared with equation (129.) for the idealized case. The changes in
the quantities (1/G4) and F, are given in table I. The effect of

adding a source resistance Ry and a load resistance R) may be sum-
marized as follows:

(a) For the RC compensator of figure 6(a), the effect of keeping
Rg = O and meking R) finite is to decrease G4 and to increase Fy

in the same proportion. The effect of keeping R; infinite and making
Ry~ O 1is to decrease both G4 and Fy.

(b) For the RL compensator of figure 6(b), the effect of keeping
Ry = O and making R) finite is to decrease both G4 and Fy. The

effect of keeping Rj infinite and meking Rg> O is to decrease G4
and to increase F, in the same proportion.

“(c) The -combined effect for both the RC and the RL compensators of
making Ry> O and R, finite is to decrease both G4 and the product

FyGy, so that the attenuation is increased without a proportionate

- increase in frequency response improvement factor. The relations
between G, and F, are, for the RC compensator,
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(14)

Wwhere

For the RL compensator,

4 G{.J:"'DL

where
Ry,
PL = R,

_ RC differentiating circuit used as compensgptor. - A simplified
case of the RC compensator of figure 2(a) is obtained when the capacitor
shunt resistor Ry 1s infinite. -The resulting transfer function is

T,'P ,

where T 4" = RC. This network is usually knovn as a differentiating cir-
cuit since the differentiating function is performed for the range of
frequencies in which ®T4'< 1. This network is also effective in com-
pensating for the response of & primary element in the high-frequency
reglon where ®Tj > 1, provided that '1‘4' is chosen so that T,'< 1.
It will be noted that T,' is no longer chosen equal to T;. The

increase in the upper frequency limit is P =T 1/74‘ and this factor
also describes the reduction l/G in signal amplitude for the operating
range. The differentiating circult will not pass the average value of
the slgnal and therefore is useful only for measuring the alternating
components of the gas temperature in the frequency range

(&) =e< ()

RC and RL compenseting circuits with amplifiers. - The compensating
clrcuits Just described are defective in that, although the effective
time constant is reduced by a factor F (and the frequency range is
correspondingly extended by the same factor), the amplitude of any
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applied signal is attenuated by a factor l/G that is equal to or
greater than F., This defect can be remedied by the addition of an
amplifier. If an amplifier the transfer function of which is Ys(p)

is added to the circult after the primery element, as in figure 7, the
resultant transfer function of the system will be equal to the product
Y4(p) Yz(p) Y1(p). The response of the system is described for

several possible conditions:

2388

(a) If the amplifier is a distortionless d-c. amplifier (thet is,
one which has a flat frequency response and linesr phase shift from
zero frequency up to the maximum frequency where compensation is to be
achieved), the effects of the amplifier are an increase in the signal
voltage equal to the voltage amplification Pactor uz of the amplifier,
a constant shift in time, and the introduction of a certain noise vol-
tage. The magnitude of the time shift is negligible in most practical
applications involving temperature measurement; the problem of noise
is discussed in the section Amplifier noise.- The transfer function of
the amplifier-compensator combination is

l+T4p

¥, (2) ¥5(0) = w3l TrE 5 )% (17)
For this system, F = F4 and G = pzGy4.

(b) If the amplifier has a high-frequency cut-off point (the point
at which the amplification factor is reduced by a factor 1//2) et

w = (1)3;0 such that

Hz

Y5(P) = l_"'ﬂws—,b

where Mz is the voltage gain in the region of flat response, then for

the condition T4 = Ty, the frequency response of the system correspond-~
ing to the transfer function Y,(p) Yz(p) Y,(p) has the appearance

ghown in figures 8(a) and 8(b). Vhen w3 3 = F4/T4, the high-frequency
cut-off point is reduced to 64 percent of the value for wz 1 = . The.

response of the system to a step change is shown in figure é(c). The

effective time constent, which will be defined as the time required for

the output to reach 63 percent of the total change for ‘a step input, 1s
spproximately equal to T./F, + l/a)s,b' Correspondingly, the approxi- }

(18)

=1
mate value of F is (l + -T; - and the value of G remains
FoTyo3p

[..13G‘4 .
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(c) If the amplifier has a low-frequency cut-off point at 3 g
(the point at which the amplification factor is rediced by a factor
1//2) such that

Yz(p) = W‘D_gt (19)

where pz 1is the voltage gain in the region of flat response, then for
the condition T, = T; the frequency response of the system, corres-
ponding to the transfer function Y,(p) Y¥z(p) Y;(p), has the appear-

ance of figures 9(a) and 9(b). For a step change, since the system
does not pass the average value of the signal, the output ultimately
drops to zero, as shown in figure 9(c). Figure 9(d) describes the maxi-
mm value attained in response to a step change and the time to reach
this maximm value for various values of W3 g For this systen,

F=F; and G = psG.

(d) If the amplifier has both low- and high-frequency cut-off, its
transfer function is

_ u3p/ D3, 4 1l
1+p/wz o l+p/<n3’b

Yz(p) (20)

and 1ts frequency response is a composite of the responses shown in
figures 8(a), 8(b), 9(a), and 9(b).

In the circuit shown in figure 7, the signal applied to the ampli-
fier varies widely in emplitude as the frequency changes, and an impor-
tant requirement imposed on any of the simple amplifiers considered is
that the amplificetion factor remain constant over the range of ampli-
fier input voltages delivered by the primary element throughout the
usable frequency band. Thus, if compensation is to be obtained up to
a frequency that is 1000 times the cut-off frequency of the uncompen-
sated primary element, the emplifier must provide constant gain K3

over a 1000 to 1 input voltaege renge. If it is found that the ampli-
fier cannot operate over the required range of input voltage, the posi-
tions of the compensator and the amplifier can be interchanged as shown
in figure 10. This arrangement results in a constent input voltage
amplitude at a much lower level. However, such an alternate arrangement
often aggravates the problems of noise and of impedance matching.

It is often desirable to utilize a-c. amplifiers rather than d-c.
amplifiers in order to gain advantages in freedom from drift. In such
cases, response down to zero frequency may be retained by use of one of
the techniques described later.
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Amplifier noilse. - If a vacuum-tube amplifier has its Input ter-
minals connected to an external source, which can be represented by a
zero-impedance generator in seriles with an external impedance, and if
the external source emf is reduced to zero, a certain random voltage
will nevertheless exist at the output terminals of the amplifier. In
the temperature measuring circuits considered, this voltage, called the
noise voltage, is caused almost entirely by the vacuum tubes of the
first stage since the thermal-agitation nolse (Johnson noise) of
the low impedance primary element is generally of negligible mag-
nitude, and since hum pickup in the leads and components can gen-
erally be reduced to negligible proportions by the use of twisted
leads and careful electrostatic and magnetic shielding. The tube-noise
voltage is made up of components of a very large range of frequencies,
is proportional to the square root of the frequency pass band of the
amplifier, and is therefore reduced by limiting the pass band.

The noise voltage E3 N which exists at the amplifier output can
be referred to the input by dividing by the amplifier gain pz. This
flctitious voltage E2 N is called the equivalent input noise voltage
of the amplifier. The noise also appears at the compensator output as
a voltage E4=,N' For the RC or RL compensator previously considered,
Ey,;v 1s less than Ez y since the campensetor always attenuates the
signal, with greater attenuation at the lower frequencies. The actual
magnitude of E4,N will therefore depend on the frequency spectrum of
the noise, on the response characteristics of the compensator, and on
the high-frequency cut-off point of the system. The ratio of the root-
mean-square value EqgG of the signal voltage appearing at the output
of the compensator to the root-mean-square value E4,N of the noise
voltage is called the signal-to-noise ratio o4. The smallest allowable
signel-to-noise ratio depends on the applicetion. A signal-to-noise
ratio of 3 is often.adequate.

The amplifier noise voltage, the smallest allowsble signal-to-nolse
ratio, and the amount by which it is desired to extend the frequency
response determine the minimm signal Eo min ‘that can be detected,
corresponding to a temperature sensibility (smallest detectable signal)
TO,min) in conformsnce with the relation between F and G and the

relation

E, 0
4,8%
Eo,min = G ‘ (21a)

Since the compensator extension of the frequency range by a factor F

is associated with a corresponding attenuation l/G of thHe signal from
the primary element, the input noise voltage of the amplifier limits the
frequency band width possible for a given minimum sigral.

2388
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For an RC or RL type compensator connected between an,amplifier of
very low output resistance and a very high resistance load, equa-
tion (2la) cen be written

° 4, V4
) 2]
Eo’mjn =B —— EE,NGQF 7 a ( b)

’

Transformer used as preamplifier. - The restriction imposed by
equation (21) seriously limits the band width that can be achieved by
the use of commercially availsble amplifiers, which have a rather high
input noise level., If the spplication permits, the. band width can be
extended consliderably by the use of a high quality step-up transformer
to increase the voltage level of the signasl without a corresponding
increase in noise (fig. 11). The improvement is generally acccmplished
at the expense of loss of the d-c. response (unless special techniques
described in a -later section are employed); the effect is the same as
that shown in figure 9 for an. emplifier with low-frequency cut-off.

A voltage galn up to 140 is attalnable with commercially available
transformers. The minfmm signal EgQ min that can be detected is glven

by equation (21a), and for the RC or RL type campensator can be written

By wo F  Eo mo,F
4,N74 2,874
E = 2 < 2

vhere pp, 18 the transformer voltage gain (equal, to the ratio of trans-
former output voltage to primary element ocutput emf el) and is equal
to the turns ratio N when the transformer is not apprecisbly loaded
by the amplifier and the primary element is of negligible resistance.
For illustration, the minimm root-mean-square voltage EO,min and the
corresponding temperature sensibility To mip that are obtained at a
signal-to-noise ratio o4 = 3 are given in table II for various values

of frequency-response improvement factor F, transformer voltage gain
Mo, and noise voltage EZ,N'

Certain relations must exist between the impedaricés of the primary
element, the transformer, and the amplifier in order that the improve-
ment represented by equation (2lc) shall be appreciable. The impedance
of the primary element must be low compared with the input impedance
of the amplifier in order to obtain full advantage of the insertion of
e transformer having a high turns ratio. The general equetion for the
gain of a transformer connected to its source and load resistances is
derived in appendix B and is given by
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il (228)

pSEEe

For a given primary element resistance R; and a given amplifier input
resistance R3’2 , maximm voltage gain will be achieved when a trans-

former is selected having rated primary and secondary impedances equal
to Ry; and RS,Z’ respectively. The gain will then be given approxi-

mately by
1 N :
h2,max = 7 VB3,2/B1 = 3 (22)

where N is the transformer turns ratio. Conversely, for any given
transformer the voltage galin can be‘'made to approach N if the primary
element resistance is made low compared with the rated primery impedance
of the transformer and if the amplifier input resistance is made large
compared with the rated secondary impedance of the transformer. TFor
the system shown in figure 11, F =F, and G = pouzGy.

Techniques for maintaining d-c. response, - When an a-c., amplifier
is used, or when a transformer 1s used as a preamplifier to match the
primary element resistance to the amplifier input resistance, the
resulting loss of d-c. response may be restored by the use of one of the
circuits shown in figure 12. Figure 12(a) shows the combination of a
pair of synchronous -choppers before and after an a-c. amplifier, with
the matching transformer relocated to a position immediately after the
input chopper. In this case, the frequency band width may be limited
by the chopper frequency used and by any necessary filtering. Fig-
ure 12(b) shows how the d-c. emf from a second primary element may be
injected in series with the output from the compensator. The circuit
of figure 12(b) involves the application of the additive network theorem
stated earlier,

Negative feedback amplifier. - It is possible to combine the ampli-
. fier and compensator functions by Inserting into the amplifier a feed-
back loop the tramnsfer function B(p) of which is of the same form as
that of the primary element (fig. 13). Here

1
B(p) = Bg. Tr1,0 (23)
vwhere B3, 1s the d-c. feedback factor. Negative feedback is obtained

if Bge 1s a negative quantity. The gain of the amplifier with feed-
back is then given by (reference 8) '

QAca
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Y = : 24

which 1s equal to

1+Typ
Yz, (p) = P3G34 W (25)

where
1/Gzs = Fzy = 1 - Bgchsz

Equation (25) is of the same form as equetion (17), and the previous
comments on response apply.

The input voltage to the amplifier is

. 1 1+T,p )
e 26
0%34 TFTD Ti(T,/Fay)D (

and. therefore, for the condition T 4 = T1, the input is constant over

the frequency range 0= w SFZA-/T 4 In vhich compensation is to be

achieved. Consequently, this type of amplifier is not required to
operate over a large range of input voltage.

Transformer used as compensator. - The transformer-type compensator
also combines the functions of voltage amplifier and compensator. The
transfer function of a simple transformer connected to source and load
resistances, as shown in figure 14(a), is derived in appendix B on the
assumption that capacitence and iron loss effects can be neglected, The
transfer function when this transformer is connected as an autotrans-
former, as shown in figure 14(b), is derived in appendix C.

In the idealized case where the source resistance is negligible
compared with the transformer primary circuilt resistance and no current
is drawn from the transformer secondary, the transfer function of the
autotrensformer 1is

1+Typ
Yz4(p) = Ts
1 ¥ (IT+T P

(27)

The value of Y34({]0)) , as a function of frequency, is shown in )
figure 2(e). The transfer function and the response characteristics
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are of the seme form as those of the RC or RL compensators of fig-

ures 2(a) and 2(b) (see fig. 5) except that the output voltage is of
the same magnitude as the input voltage rather than being attenuated
by the frequency response improvement factor. The time constant Ty

is
(N+l) Ll

T, = -(—__—TRP"'RP' ‘ (28e)

where N, Ly, and BP - are the transformer turns ratio, primery induc-

tance, and primary resistance, respectively. The time constant is
reduced by adding external resistance RP' in series with the trans-

former primery.

It is to be noted that the transformer is not being used in the
region of its flat frequency response, as in customary transformer
applications. Instead, the transformer is used below its naminal "low-
frequency cut-off point," in a region of rising frequency response. This
region is deliberately extended by insertion of additional resistance
Rp' until the time constant T, is equal to the primary time constant

Ty. The maximum time constant that can be compensated for is
(N+l~)Ll/RP. In the ldealized condition, the maximm frequency response
jmprovement factor obtainsble is N+l and the gain is unity.

Effect of loading on transformer-type campensator connected to
single primary element. - When the trahsformer is connected to a source
resistance R; &and to a load resistance R, the factors Fzy and Gzy

are
_ _(W+1) (140)
¥t (1+T11‘T+T2N2) (280)
and
;] R Ry |-t
G54 = [(l + Ep'_:ﬁ;';)(l + ﬁ%\) + R—)\:I (2.80)

where a, ¥y, and Y, are functions of the circuit resistances and are
given by '

2388
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R R +R
o = g oA (284)
R,#Ry" Ry+Rg+Ry,
2Ry

Y1 = (Ry#Rg R (28e)
(R1+Rp+Rp ')

v, - )

2 = TR{#R Ry,

The time constant T4  1s unchanged by variations in source and load
resistances and retains the value given by equation (28a).

(28f)

The effect of a nonzero source resiétance is to increase the fre-
quency response lmprovement factor Fzy and to decrease the gain

factor Gz4 1in the same proportion. The effect of & finite load
resistance 1s to decrease both F34 and Gzy. The effect of making
Ry > 0 and R) finite is to decrease both Gz4 and-the product
Fz4Gz4, s0 that the attenuation is increased without a proportionate
increase in frequency response lmprovement factor. The requirement
that ;R£Z>N2(Rl+RP+RP') imposes a severe limitation on the usefulness

of the transformer-type compensator because the output power available
becomes very small.

The‘characteristics of various transformers usable as campensators
are listed in table III. Table IV gives, for campensators using these
transformers and for various time constants T4, primary-element resist-

ances R) and load resistances R), values of frequency-response

lmprovement factor Fgz4, the gain factor Gzy, and the transconductance
gz4 representing the current through the load resistance per unit

input emf.

Effect of loading on transformer-type compensator connected to two
primary elements. - The attenuation of the primary element ocutput due
to the loaeding effect of the transformer primary can be eliminated by
using two primary elements connected additively as shown in figure 14(c).
Two adjacent primary elements of the same time constant are used to
obtain the following relations: '

. (T+1)1q (298)
) | )
P = N+1
54\1_*_N2(31¢RP+BP')
Ry HR R

(29p)
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R
Gy = S S (29¢)
Ry "FRFR)

Table V gives, for various transformers, time constants T4,
primary-element resistances R; and load resistances Ry the values of
the frequency-response improvement factor Fz4, the gain factor Gzy,

and the transconductance gz4 representing the current through the load
resistance per unit input emf.

Summary of Compensating Systems

The various types of compensating element are summerized in
table VI, and their more likely combinations are summarized in
table VII, under certain idealized conditions noted in the tables. For
various elements, table VI gives the design constants, the transfer
function, the frequency-response amplitude ratio |Y(Jjw)], the lower
frequency limit wy, and the upper frequency limit (to be compared
with the upper freguency limit l/Ti of the primary element alone).
For various arrangements of elements, table VII gives the resultant
transfer function, the frequency-response amplitude ratio IY jw)l, the
frequency-response improvement factor F, the lower and upper frequency
limits wg and wp, and the gas temperature equivalent electric signal

Eo,min that ylelds a signal-to-noise ratio o4 of unity.

Off-Design Performance

In the previous sections the responsé characteristics of various
compensating systems and of their components have been presented prin-
cipally for those design conditions that provide best compensation.
Deviations from these design conditions will be discussed herein for
some of the simpler systems.

Mismatch between time constants of element and compensstor. - Since
the value of the time constant of the primary element is a function of
the velocity and the density (or, equivalently, Mach number and static
pressure) of the gas stream in which the element is being used (refer-
ence 4), the knowledge of the time constant is subject to same uncer-
tainty. In addition, it is not always practical to meke the necessary
adjustments in the compensating system for a changed value of primery
element time constant such as may arise when the element is replaced
or when the operating conditions are altered: In practice, therefore,
a certain smount of mismatch may exist between the primary element time
constant and the time constant setting of the compensator. The effect
of this mismatch is to destroy the flatness of the frequency response

882
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curve over the full normsl range of compensation, although the flatness
may be retained over a limited frequency range. If the primary element
time constant drops below the compensator time constant, higher fre-
quencies are amplified more than their normsl amount; if the primary
element time constant rises above the compensator time constant, higher
frequencies are ampiified less than their normal amount. An examina-
tion of the transfer function product Yl(p) Y;(p) will provide a

measure of the effects of a mismatch wherein T4 # T,.

For a compensating system (fig. 6) having the transfer function

l+T4p

Y4(P) = G4 m (30)

and connected to an element having a time constant Ty, the frequency-
response amplitude ratio |Y,(Jo) Y;(jw)| is shown in figure 15(a)
for various values of T4/Ty, various values of F,, and for FuG,

assumed equal to unity. Figure lS(b) showe the response to a step input.
For very large values of ¥y, the height of the initial rapid rise is

proportional to the ratio T4/Tl; the remainder of the change is

described by a curve that is approximately exponential in form with a
time constant T-.

For circuit elements (figs. 13 and 14) having a transfer function
of the form .

l+74p

Y=, (p)

or
l+T4p

the ordinate of figure 15(a) mist be multiplied by u3G34F4 and that of
figure 15(b), by Gz,Fy.

Yz4(p)

Effect of ambient temperature on transformer-typg compensator. - In
certain applications, one of which will be discussed under Exsmple 2 of
APPLICATIONS, the average level of the temperature signal from the pri-
mary element must be measured accurately with a potentiometer or egquiva-
lent indicator of very high input resistance while the same element is
connected to a transformer-type compensator of the autotransformer kind
shown in figure 14(b).
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There then exists an error in average-value indication because the
thermocouple, of resistance R;, is loaded by the resistance RP + RP'

and because the transformer primary resistance RP’ being of copper,
changes with the temperature of the transformer. The average correction
to be applied to all indications is then

, &1 By

e =3

Where
ey output emf from thermocouple
ey’ voltage measured by potenticmeter

Rp’o resistance of transformer primary at average operating tempera-
ture Ty '

The fractional error Ae;'/e;' to be expectéd in the indication eq'
because of a change ATy in the transformer temperature is

ﬂ—@ AT RlRPJ—O
eq' 072 (Rl+Rp,+Rp,O)(Rp'+Rpj6)

where ag 1is the temperature coefficient of resistance of RP at tem-
perature Ty (ay = 0.0022/CF for copper at 68° F).

It is seen that the error is approximately proportional to the ele-
ment resistance R;. Therefore it is important to keep this resistance
as low as possible by the use of short low-resistance connecting leads.
Table VIII shows the magnitude of error due to transformer temperature
change that might be expected for various values of element resistance
and of time constant setting for various:transformers. The larger
transformers have smaller errors.

APPLICATICNS

A specific problem of temperature measurement is generally treated
by first establishing a tentative set of performance specifications,
such as the sensibility Eo,min (minimm signal to be detected) cor-

responding to the desired temperature sensibility To,min’ ‘the alloweble

(34) "
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slgnel-to-noise ratio o, and the frequency range to be covered (between
cut-off points &, and a)b). Next it must be determined whether there

exlsts a suitable cambination of circuit elements, preferably as repre-
sented by commercially available equipment, that will approach the ten-
tative specifications. Finally, there is the practical engineering
problem of reproducing the combination selected in appropriate physical
form to meet requirements of ruggedness, freedom from maintenance,
ability to operate over a wide range of ambient temperature and of power

-supply voltage, long service life, campactness, and low weight. Par- .

ticularly severe requirements may force the development of special ampli-
fiers rather than allow the use of stendard commercial equipment.

If control, as well as measurement, is to be pérformed by the

apparatus, the dynamic characteristics of the control elements and of

the process to be controlled, as represented (if they are linear) by

their respective transfer functions, must also be considered. In such
situations, it 1s conceivable that it may be not only permissible for
the temperature signal to be overcompensated, but also very desirable.

Although the exact design of a complete compensating system will .
be determined by all the factors considered in this report, the follow-
ing general statements will aid in the preliminary decision on the most
promising line of attack:

(1) In general, the use of a trensformer of high-quelity, multiple-
shielded, hum-bucking construction will be a valuable aid in improving
the signal-to-noise ratio. Unless the transformer is used also as a
campensator, the improvement in signal-to-noise ratio is accamplished
at the expense of loss of d-c. response.

(2) The attainable frequency response improvement may be limited

by the product of detector sensibility and over-all gain of the system.

(3) When an amplifier is used, the attainable frequency response
may be limited by the equivalent input noise of the amplifiler.

(4) Transformer-type campensators using typical transformers such
as those listed in table IITI will not allow frequency response improve-
ment factors much greater than 50.

(5) The potential performance of an RL or a transformer-type com-
pensator may be serlously restricted if the element is called upon to
feed a load resistance that is low compared with the ocutput impedance
of the compensator.

(8) The highest time constant thet can be compensated by a
transformer-type compensator is determined by the product of primary
time constant end turns ratio and & of .the order of several seconds.

B ke et s e+ e e e = PR, m e — e ek e b e~ ——— e
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(7) The highest time constant that can be compensated by an RL com-
pensator is of the order of a few tenths of a second; the frequency
response improvement attainable may be limited by resonances or other
nonlinearities of the inductor. -

(8) The highest time constant that can be compensated for and the
frequency response improvement attainable are not limited by any
intrinsic qualities of the RC compensator.

Figure 16 shows three types of compensator constructed for use at
the Lewis laboratory.

The following discussion will indicate the performance that may be
expected from two representative combinations of apparatus that lend
themselves, respectively, to (1) the indication of the alternating com-

ponent of a temperature signal (Example 1, using an RC compensator);
and (2) the indication of the average value as well as the alternsting

component of a temperature signal (Example 2, using a transformer-type
compensator). Both exsmples given are characterized by the fact that
most of the camponents used are standard caommercial ones. Both exam-
ples employ a transformer as & valuable aid in improving the signal-to-
noise ratio. In the first example, the transformer is used to match
the low impedance of the primary element to the higher impedance of the
amplifier, thus ralsing the signal level; in the second example, the
transformer is used as a compensator that does not greatly attenuate the

signal as the RC or R, campensators do.

Example 1. - For the assembly of apparatus represented by the block
diagram of figure 17(a), the over-all gain factor is

G = | ¥ (Jo) Yo(jo) Yz(Jw) ¥u(Jjo)| = popaly (35)
and the frequency response improvement factor is F = Fy, as given in
table I. :

From equation (2la) and the fact that Ey y<Ep yiz, the minimum
signal that can be detected is either

. B B, ~O
c B, B2,n%

or

EQ,min = g5 (36Db)
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whichever of the two equations ylelds the greater value. Equation (36a)
represents the limitation imposed by noise; equation (36b) represents
the limitation imposed by detector sensibility. In equation (36), the
important quantities are ’

Eo,min

E2,N

04

K3

sensibility of electric equivelent of temperature signal
equivalent input noise voltage of amplifier

allowable signal-to-noise ratio at detector

over-gll gain factor

gain factor for cambination of primary element and compensator,
as glven in table I

input voltage sensibility of detector
transformer voltage gain, as given by equation (B5b)

amplifier voltage gain in region of flat response

For the group of spparatus shown in figure 17(b), the following
constants apply:

Primary element (thermocouple)

Time constant, T7, 88C ¢« & o o ¢ ¢« ¢« ¢ o & ¢ ¢ o s ¢ o o o+ o« 0.1

Electric resistance, Ry, ohme . . « « ¢« &+ ¢« ¢ ¢ ¢« o ¢ o« o o » » 1.0

Thermoelectric power, Q, microvolts/OF . . . . . « .« « . « o . 22

Transformer

Nominel primary impedsnce (manufacturer's value), olms .

2.5

Nominal secondary impedance (msnufacturer's value), oms . . . 50,000

Turns rabio, M o v ¢ ¢« o o o o o o o o o o o s o o o o o o o o 140
Low-frequency limit for 1 db drop in uo

(menufacturer's value), CPE « « « « + o = o o o oo o oo - oo 20
Low-frequency cut-off (based on manufacturer's low-frequency

limit), wp, 8, BEC e 62
High-frequency limit for 1 db change in “2

(manufacturer's value), cps - . - e e e « + « « . . 20,000
D-c. resistance of primary winding, RP’ ohms e 0.7

Maximm unbalanced direct current for 1.5 db drop in pg
(manufacturer's value), milliamp . o . ¢« o« « ¢ ¢ o o = o o 5

g5 0 S VU
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Compensator: RC type, time constant Ty

Amplifier

Input impedance, 33,2, ONIMS & & o o o o o = o o o s o s o o o 106
Cutput lmpedance, R3’3, ONMS & & 4 o « ¢ o ¢ o o « o o o o o 1500
Voltage gain in region of flat response, Mz « « « o ¢ o « & &, 100
Low-frequency limit for 2 percent drop in Hz

(manufacturer's value), cps « - .« « e e e e e e e e e 10
Low-frequency cut-off (based on manufacturer s low-frequency

limit), w3,q, S5€C” Sl e e e e e e e e e e e 13
High-freqpency 1imit for 2 percent change in uz

(manufacturer's value), CP8 =« « « = « « « « « « « « « « « 100,000

High-frequency cut-off with 0.02 microfarad shunt across
output, for noise reduction (ws,b = 31,000), CPB « « o o & 5000

Noise level EZ,N referred to input when output is shunted
by 0.02 microfarad condenser, millivolts. « « « & o ¢ o o« 0.01

Detector (cathode-ray oscilloscope)

Input impedance, ﬁs, OIS + o v ¢ « o o o « o o o o o o « o « o 2X108
Sensitivity, S5, in. deflection/millivolt . . . . . . . . . .. 0,03
Sensi'bility, 85, Iﬂi]_li'V‘Olt inp'll‘t ® e 8 e 8 o & @& e o+ o * o & 0.6

(The detector sensibility &g is determined not only by oscillo-

scope characteristics, such as sharpness of focus and sensitivity, but
also by the method of reading the deflections. The stated senslibility
is based on the fact that the oscllloscope pattern will be photograephed
and read to the equivalent of 0.02 in. deflection on the oscilloscope

screen. )

In this tebulation of apparatus, all camponents have been specified
except the camponents R, Rc, end C of the campensater. For the

design condition, Ty = = 0.1 second and for a signal-to-noise ratio
Oy = 3, table IX lists the sensibilities EO,min and TO,min(éEO, i /Q),
the sensltivity S, and the upper frequency limit f4,b for various
cambinations of R, Rp, and C. The method used to campute the data

in teble IX was (a) to assume various values of Gy and to insert these

velues into equation (36) for computation of the sensibilities; (b) to
assume various combinations of Ry and C, such that RaC = 0.1 second

and then, using the same values of G4 as in step (a), to compute R
and then F,. from table I; and (c) to compute

‘g0cr
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Wpp  Fy
= el = ———
: f4=)b T o2n T 21Ty (37)
= 8504upuzQ (38)

As shown in teble IX, the amplifier noise, rather than the detector sen-
sibllity, limits the minimum signal which can be. detected.

Using the values of S = 1 inch per 100° F, Ry = 100 megohms,

C = 0,001 microfarad, R = 118,000 ohms, and f4: b = 1430 cycles per

second, a minimm signal of 92 F can be detected over a frequency range
of about 10 to 1400 cycles per second. Figure l7(c) shows the computed
frequency response curves based upon menufacturer's values for the
transformer and amplifier constants and the computed effect of varia-
tions in the thermocouple time constent Ty. Experimental data points

taken to check the computation are also shown in figure 17(c). The
experimental points show that the menufacturer's statements of low-
frequency cut-off points were conservative. The experimental data were
obtained by using the analog circult of figure l7(d) to simulate the
thermocouple.

Since the resistances of both the primary element and the trans-
former primary winding are low (1 and 0.8 ohm, respectively), the net
d-c. open-clrcuit output emf in the thermocouple circuit must be limited
to 8.5 millivolts to avoid exceeding the transformer primary saturation
current. Therefore, for temperature differences exceeding 380° F, a
bucking circult of the type shown in figure 17(e) would have to be used
to suppress the average values of emf. The suppression of excessive
direct current through the transformer primary could also be accam-,
plished by use of the circuit of figure 17(f). The circuit of fig-
ure 17(f) is usable only at higher frequencies where the highest
available size of capacitor can provide an impedance that is low com-
pered with the transformer primary impedance.

The circuits of figures 17(e) and 17(f) would be equally appli-
cable 1f the primary element were & temperature-sensitive resistor,

such as a straight length of wire with current and potential leads.

The insertion of a l-ohm resistance in series with the primary ele-
ment would also serve to limit the transformer primary current at the
expense of a loss in gain and a moderate increase in the lower cut-off
frequency.

Example 2. - For the assembly of apparatus represented by the block
diagram of figure 18(a), the time constant, frequency response improve-
ment factor, and over-all gain factor are given by equation (28).
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Since noise due to hum pickup can be made negligible by careful
shielding and use of a high-quality multiple-shielded transformer, the
minimim detectable signal will be determined by the detector sensibility.

For the group of apparatus shown in figure 18(b), the following
constants apply:

2388

Primary element (thermocouple)

Time constant, Ty, 8€C o « ¢« ¢ ¢ ¢ v ¢ ¢ ¢ ¢ ¢ ¢ ¢ ¢ s s o oo« 1.0
Electric resistance, Ry, ohms . . « « & ¢« ¢« ¢ ¢ ¢ s ¢ o ¢« » » « 1.0
Thermoelectric power, Q, microvolts/OF . « « ¢« v« o o o o o « o o 22

Compensator (transformer type)

Nominal primary impedence (mamufacturer's value), ohms . . . . 50
Nominal secondery impedsnce (manufacturer's velue), oms . . .100,000
D-c. resistance of primary winding, RP’ OhmS . o o o o o o o & 6
D-c. resistance of secondary winding, Rg, ohms . « .+ « « &+ . . 7000
Turns ratio, W e ¢« ¢ ¢ ¢ ¢« ¢ o & & . e e . .« e e e e 45
Added externsl primsry cilrcuit resistance, RP 5 ohms e e e s e 70
Time constent, Tgs> BEC o o ¢ v o v o o s o 0 o o 0 s e 0. e 1.0 .

Detector (d-c. amplifier and direct-writing recorder combination)

Input impedance, Rg, OMMS « « o o o o o o o o0 o o + o o o » 9X10°
Sensitivity, Sg, millivolts/mm deflection . ¢« ¢« ¢« o ¢ o ¢ o & 1.0
Cut-off frequency, CDS « o «. ¢ o o o . e e s e s 90
Sensibility, 85, millivolts (corresponding to O 5 mm

deflection) « ¢« ¢ ¢ o o o e o 6 o e o s s 8 s s s e e e e s 0.5

The circuit required to provide reference-junction compensation
for the thermocouple is shown in figure 18(c) (reference 9). If the
primary element were a temperature-sensitive resistor, for example
a straight length of wire with current and potential leads, a circuit
such as shown in figure 18(d) could be used. This circuit, based on the
multiple-bridge circult analysis of reference 10, is designed to use a
0.02-ohm thermometer element (for example, a 0.008-in. diameter platinum
wire, 0.25 in. long) to provide the same values of R} and Q as the
thermocouple, and to limit to less than 2 percent the errors caused by
changes in thermometer-element lead resistances as high as 1 ohm.
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'

Figure 18(e) indicates the computed frequency response characteris-
tics for operation both at the design point (Ty = T,) and at off-

design points. At the design point, the upper frequency limit is
7 cycles per second (wb = 45) and is determined by the value

T/F = T/(I+1) rather than by the cut-off frequency of the recorder.

The experimentally determined responses to a step change and to an
input of arbitrary shape are shown in figures 18(f) and 18(g), respec-
tively, for the same ratios T,/T, as covered in figure 18(e). The

anglog circuit of figure 17(d) was used to simulate the thermocouple.

Thus, the original 1.0-second time constant of the primary element
is reduced by a factor of 46 to a value of approximstely 0.02 second.

Lewils Flight Propulsion Leboratory
National Advisory Committee for Aeronautics
Cleveland, Ohio, January 4, 1952
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APPENDIX A

SYMBOLS

The following symbols are used in this report: -

Aje attenuation at zero freguency

B,y coefficient of teérm in Fourler expansion of voltage signal
representative of temperature

C capacitance

e constant

E rme value of voltage

E amplitude of voltage sine wave

e instentaneous value of voltage

F frequency response improvement factor

his frequency

G gain fa;:tor

g transconductance, output current per unit input emf .

i instantaneous value of current

3 V-1

L self-inductance

M mutual inductance

N transformer turns ratio

n number of term in Fourier expansion

D symbolic operator d&/dt

Q emf per unit temperature change (= thermoelectric power, for a
thermocouple)

R resistance

2388
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resistance ratié (Rg+R)/R or (Rp+R)/Ry,

sensitivity, detector deflection per umit input

temperature

i

sinusoidal emplitude of im@resséd temperature variation

31

sinusoldal amplitude of primary element temperature indication

time
time lag
reactance of capacitor

transfer function

output-input sinusoidal voltage ratio for a system having a

transfer function ¥(p)

constant in éxpression for F of transformer-type compensator

feedback factor

d-c. feedback factor

-

constants in expression for F of transformer-type compensator

sensibility (minimm detectable signal)

base of natural logarithms

phase lag angle 6f impressed sine wave

voltage gain
signal-to-noise ratilo
time constant

phase lag angle-

angular frequency

e e b
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Subscripts:

a low-frequency cubt-off

b high-frequency cut-off

hig noise

P | transformer primery

R reference temperature

8 transformer secondary
A load

o source

0 temperature being measured

1 ‘ primary element

2 transformer preamplifier

3 amplifier

4 compensator

5 detector

34 amplifier-coampensator cambination

NACA TN 2703

8822
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AFPENDIX B

TRANSFER FUNCTION COF TRANSFORMER

The transfer function of a transformer wlll be derived for those
conditlions that are pertinent to its applications as a preamplifier and
as & compensator, as treated in this report. It is then possible to
neglect the hysteresis and eddy current losses and the capacltances that
ordingrily become important at higher power levels and higher frequen-
cies. The elements that primerily enter into transformer performance
a8 pertinent to this report are shown in figure 14(a), which shows a
transformer connected to a source resistance Ry and a load resist-
ance Rj.

The following differential equations hold: )

e (Rl+RP+Llp)il + Mpi, * (B1)

and

o
il

(Rg+Rp+Lop)is + Mpiq (B2)

The trausfer function Yo(p) of the transformer will be defined as

the ratio of the voltage across the load resistance to the open-circuit
emf of the source. The definition of Yz(p) thus includes the effects

of the potential drops due to current flow through the source and
through the transformer secondary. The following transfer function is
obtained from the simultenecus solution of equations (Bl) and (B2):

2 ME)p
Yale) = e1 (Rg+RN) (Rl+RP)+[(RS+R))L]_+(Rl+RP)L2]p+(LlL2-M2)p2
(B3a)
where
ep = 1Ry
Equation (B3a) yielé.s the frequency response function
Y(se) = ) (34)

(Rg+Ry) (Ry+R;)+30 [ (RgtRy ) Ly +(Ry +Rp ) Lip| <0 (I Lip-M2)

e A i 3 S L e e A e e s T = e " s = s e




It is sufficient for the present analysis to assume
N2 = Lp/Iq. Then eguation (B3a) becames

(1w o
Ta(p) = bz Ty @ )P
where
1 In Blfﬁg)
_ 2
2,8 ~ RytRp (1+N RgtR),

The value af

is o and will be termed the "ogin" of the transformer.

WACA TN 2703

M2 = IjL, eand

(B3b)

(B5a)

(BSD)

[¥2(Jw)l in the region of flat frequency response

The sngular frequency @p , is the point at which [Yp(Jw)l = w VT
and will be termed the "low-frequency cut-off" of the transformer.

If Ry >>Rg, equation (B5b) becomes

g |
Hy ®
No(R+R,,)
R o2
Y

(B6)

Thus, if R, >> Ry, the voltage gain is aepproximately equal to N/ 2 1if
R)‘/ (Rl"'Rp) = N2, and the voltage gain approaches N as Rp/ (Rl+RP)

becomes much larger than na,

2388
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APPENDIX C

- TRANSFER FUNCTION OF TRANSFORMER-TYPE COMPENSATOR

When the transformer is connected to a source of resistance Ry
and a load of resistance ‘R7\ as shown in figure 14(b), the fo]_'Lowihg
differential equations hold:

a4y =i+ i o (c1)
e = Ryly + (RytRy')ip, + Lppiy - Mpi, ’ (c2)
e = Ryly + Rglp + Rylp + Lopip - Mpi, (c3)

From the simulta.neous solution of these equations 5 the following trans-
fer function is obtained-

ez _. Gz (1 + Typ) )
Yz, (p) = R gy e sz (C4a)
where
ep = 1Ry | - (Cab)
I7+M
‘" By (0ke)
R | Ry\ Byl
e = {( =y >( ) Rﬂ (080)
F - gN'l"l)SCIrl‘l) - (048)
4 147 N4, N2
Rl RS'I'R}\

@ = R¥R,"T RjFRgHR) (Cef)
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2Ry

M1 = RARR,

(c4g)
Rl+ﬁ+§E !

T2 = BB 7Ry

(C4n)
LqLyp-M2
5 R0 | (e

Equation (C4a) can be expressed in terms of frequency as

_ GM(l'l‘j(DT4:)
Yaa(d0) = 1+J00Ty /Fzy-Ta0f (c5)

It is sufficient for the present analysis to assume MZ = IjLp and
N2 = Lp/I,. Then equations (C4a) and (C5) become

1+,

] 1+joT
Y34: ( j‘D) ~ 4

Ot Tt [Ty, e

If the source and load resistances are assumed to be zero and infinite,
respectively, the value of T, 1is unchanged while the values of G
and F Dbecome :

G'34: =1 (CB&)
F34 =N+ 1 (Csb)
The transfer function then becaomes
1+ Typ
-1+

W1 P

In the case of the transformer-type campensator that uses two pri-
mary elements, as shown in figure 14(c), the transfer function is also

given by equation (C6a), but there asre slight changes in the values of
Ty, Gzy, snd Fz,:

88%<
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. " l Rp Rp, -

Ry,

O34 = B3R T (c9b)

N+l

Nz( Ry+R, Ry )

Ry +Rg +R}\

F34 = (CQC)

In the idealized case R) = O ‘and Ry = o, equations (C9.), (CSb),
and (C9c) became, respectively,

LM
Rp+Rp (c10a)
Gzy =1 (C10b)
Fzy - N+1 ‘ (c10c)

and the transfer function remains as given by equation (C6b).
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fos) TABLE I - EFFECT OF LOADING ON RC AND RI. COMPENSATORS
| C%), W
f Compensator| R; =0 Ry =0 R}\ = o General case
, R\ =
f &
| Value of 1/Gy4
; Rg Rg Ry®y | BgtBg
RC 'ﬁ"l‘l -(Tﬁﬁ-x-)—-‘-l R +l(RR)\)+l
R-I-R}\ R'l'R)\
' R R R4R, R+R
RL =+ 1 +1 +1 |21
Ry, RLRA Rr, RIB A
R Ry, RIAHR)\
Value of F4
R Rg Rg Rg
+ 1 + 1 + 1 —_— 1 ]
RC T (RPO\ ) R+Rg RR),
RHR, R g
| R oL, (BB RRy | (R+R ;)R
RL i REN, . | R (R+Rg) R L
— B ———
RL RL
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TABLE II - MINIMUM AMPLITUDE OF TEMPERATURE VARIATION THAT

CAN BE MEASURED BECAUSE OF NOISE LIMITATION AT SIGNATL-

TO-NOISE RATIO o4 EQUAL TO 3
Frequency Noise Transg- Signal TO,min for
response E2,N former sengi-~ chromel-
improve- (micro- gein bility alumel
ment factor | yolts) K2 Bo,min thermo-
F (micro- couple
, volts) (OF)
10 10 100 i 3 0.1
10 10 30 10 .5
10 100 100 30 1
10 100 30 100 5
100 10 100 30 1
100 10 30 +100 5
100 100 100 300 14
100 100 30 1,000 45
1,000 10 100 300 14
1,000 10 30 1,000 45
1,000 100 100 3,000 140
1,000 100 30 10,000 450
10,000 10 100 3,000 140
10,000 10 30 10,000 ‘450

8822
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TABLE III - CHARACTERISTICS OF TRANSFORMERS USED IN REPRESENTATIVE
. TRANSFORMER-TYPE COMPENSATORS "
Compensator type UIC/A 27 |UTC/LS 39 [ADC/AX 3270
Nominel® primsry impedance, ohms 50 50 1
Primary inductance, L;, henries 1.2 1.6 " 0.8
D-c. resistance of primary, Rp, 9.5 5.5 0.16
ohms
Nominal® gecondary impedance, ohus 100,000 | 100,000 1000
D-c. resistance of secondary, Rg, 3000 7000 110
ohms
Turns ratio, N 45 45 32
Nominal® low-frequency cut-off point, 30 20 0.2
cps
NominalP high-frequency cut-off, cps 20,000 20,000 20
Weight, 1b 0.5 3 13

@Manufacturer's stated value.

bMa.nufacturer's stated value for 2 decibels change in gain.



PRIMARY ELEMERT REGISTANCE Ry

AND TO LOAD RESISTANCE Ry

IV - EFFECT OF CONNECTING TRANSFURMER-TYPE COMPENEATOR WITH SINGLE PRIMARY ELEMENT TO

(8) Type UTO/A 27 ~TEE
B?\ Rl Ty 6ec
(megotms)| { obma) 5.8 5 | 1 0.3 0.1
By, ohms
Q0 9 45 " 185 B40
Faol Gug |  Bxa | Tsaf Osa | Bzs | Tsal Osa | Bse  (Vma| %3 | Bsa  |Tma| Gsa | Ese
{micromhos ) fud cromhos ) {md.cromhos) {nl arcmhos) {micromhos)
1 51(0.91 0.09 49(0.95 0.10 4710.98 0.10 4410.99 0.10 4111.0 0.10
10 5 60| .15 .08 53| .88 .09 48] .85 210 451 .98 + 10 41| .99 10
10 92| .49 .05 71| 65 .06 54| .85 .08 47| .95 .10 42| .98 210
i 50(0.91 0.91 4710.95 0.95 42(0.98 0.98 3510.99 0.39 22|1.0 1.00
5 Bg| .75 .76 51| .86 .88 431 .95 .85 4| .98 .98 22| .99 .99
1 10 88| .49 +49 87| .65 .65 481 .85 .85 35| .95 .36 22| .96 .98
1 4210.88 8.8 3510.92 9.2 21(0.88 8.5 10|0.97 9.7 4l0.98 2.8
0.1 3 50| 74 Td 38| .84 B.4 22| .92 9.2 10| .95 9.5 4| .96 9.6
10 TO| 4T 4.7 45| .85 6.3 25| .B2 8.2 0] ,92 9.2 4| .95 9.6
1 19|0.70 70 12|0.13 73 5(0.75 75 210,77 77
0.01 3 20| .58 58 12| .68 66 5[ .75 75 2| .75 75
10 23| .38 38 13| .50 50 6| .65 65 2] .75 73 «
1 810,25 | B30 4|0.24 | 240 2(0.25 | 250
0.001 3 8| .19 | 180 4| .21 | 210 2| .24 | 240
10 8 .12 | 120 5| .18 | 180 2| .21 | 210

B82S
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TANIE IV - FFFECT QF CONMECTING TRARSFORWER-TYPE COMPERSATOR WITH SIMGLE PRIMARY WLEOMENT TO
PRIMARY ELEMENT RESISTAMCE R; AND TO LOAD RESISTARCE R; - Comtinusd

20LZ NI VOVH

. (v) Type UTC/18 39 A

Ry Ry Ty+ 860
(magotme) |(obma) 4 | 10 | 3 | 1 | 0.3 ] 0.1
RP', ohms
o] 2 19 . 69 249 T35
. Fau| One| B¢ |Fsa| Oma| Bxy  |Fuy) Gmp| By [Fmgf Ogy|  Byy  |Fmy| Ong|  Bm (Fuy| O
{ndcromhoa) (micromhos) ({ mi arcmhos ) {odlcrcmhos) (mioranhos) (xloromhos
1 55|0.54 0.08 52 10.88 0.10 48(0.86 0.10 46 0.88 0.10 €4 1.0 0.10 4+0[1.0
10 3 72| .64 .08 66 .TL .07 B2| .80 .08 47| .96 .10 4] .99 W 10 &0 11.0
10 153| .54 .05 108| .43 «Ode 64 .72 07 5l| .88 .09 46| .86 .10 40[1.0
1 540,83 0.83 51|0.88 0.68 4310.95 0.958 40(0.98 0.989 5110.99 0.99 18)0.99
1 3 71| .83 .85 82| .71 .71 48| .89 .89 41| .85 .85 51| .98 .98 18| .98
10 126| .53 .53 102 | 43 +43 80| .71 .71 45| .87 87 52| .96 .85 1a! .88
1 49(0.78 7.8 4510.82 8.8 32 0.90 8.0 19 10.93 2.3 810.93 8.3 5(0.92 3.2
0.1 5 82| .80 8.0 54| .66 6.6 54| .83 8.3 20| .80 9.0 al| .92 9.2 5| .92 8.2
10 0% .32 .2 8l .40 4.0 37| .87 8.7 20| .63 8.2 a| .90 2.0 5( .98 8.8
1 31|0.,48 &9 g6 [0.52 b2 12 |0.68 6568 60.58 59 2(0.08 69
0.01 3 35| .58 58 281 .42 42 12| .62 [} ol .57 57 2| .58 88
10 47| .20 20 5] .86 256 15| .43 42 By .bB 52 2| .56 56
1 2ljo.10| 109 17/0.11 | 1o glo0.12 | 120 210.12 120
C,00L 3 72| .08 80 21] .09 90 71 .11| 1o 2| 12| 120
10 28| .04 40 20| .06 B0 7] .00 80 2] L] 110

154



TABLE IV - EFFECT OF CONNECTING TRANSFOOMFR-TYIE COMPEXSATOR WITH SIRILE PRIMARY EIEMRNT TO

PRIMAHY FIFMERT RESINTAMCE Ry ARD TO LOAD RESIHNTARCE R) ~ Concluded

(c¢) Type ADO/AX 3270

R?\ Rl TA," .17
™, ohieg
(mogotme) ( ohas) 160 | 30 | 10 | 3 I 1 ] 0.3
Bp', ohms
0 0.7 2.5 8.8 28 88
Pae| Ose| 834 [Pma| Ome Fuu| Oxa Fxa| Osa|  Bmq  [Fua] Ong|  Bse  [Pma| Oss|  Esy
{ md crombhos { mioromhos ) micranhos [nioromhos Y { e aronhon {rrl erochos )

0.1 | 65c.62| 0.08 37(0.90 0.00 | 34(0.98 0.10 | ss{o.98 0.10 | 55|0.99 0.10 | 53(1.00 0,10

10 1 |240| .14 0L 70| 4T o5 | 48] .72 .07 | 57| .80 .80 | 34| .98 .10 | ss| .68 .10
10 410 .08 .01 {180 .21 02 | 71| .47 .05 | 45| .78 .07 | s8] .90 .03
0.1 | ssfc.62| ‘o.52 37(0.80 0.80 | 54(0.98 0.98 | 55(0.98 0.89 |32[lL.00| 1.00 [30|1.00 1.00

1 1 [es0] .14 e 70| AT A7 ] 48] 72 72 | s8] .90 .80 | 23| .08 .96 | 30| .09 .89
10 0| .08 . 1s0( .21 .21 | e8| .47 47 | 43| .73 75 | 54| .80 .80
0.1 | 65lc.e2| e.2 37(0.90 9.0 =2 |0.96 9.6 51 0.98 9.9 28|L.00! 10 18(1.00] 10

0.1 | 1 [e%0f .14 1.4 70| 47 4.7 4| 72 7.2 3. 9.0 27| .96 8.6 18| .99 9,9
10 380| .08 .8 lao| .21 2.1 s8| .47 4.7 35| .75 7.5 19} .80 9.0
0.1 | s2lo.61| 61 350,80 90 27i0.95| 96 17|c.s8| 98 9(0.94 | 94 3l0.99 | o9

o.0L| 1 |ewof .ia| 12 8Ll 47| 47 sz| .71| 71 19 .89 | 8g 9{ .95| 985 5| .98| 98
10 200| .08 8 70| .21| =21 25| 47| 47 10| .72| 72 3| .8 | 89

‘ «0.L | 42 0.56 | 560 28 [0.81] 810 plc.a7{ 870 4[0.87] 870

.00 1 [|1woi .13 [2130 32| 45| 430 | 10} .65 | 650 4| .63 650
10 38| .07| 70 12| .19 | 190 -4| 19| 190

98s2
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TABIE V - EFFECT OF CORNNECTING TRANSFORMER-TYPE COMPENSATOR WITH

TWO PRIMARY ELEMENTS TO PRIMARY EIEMENT RESISTANCE R; AIND

LOAD RESISTANCE R
(a) Type UIC/A 27
Ry, Ry Ty, Sec Gzq 834
(megohms) |(okms)| 5.3 3.0 1.0 0.3 0.1 (micromhos)
1 1 1 1 1
By [Fag By [Fag By [Fag By Fug|By' |Fag
1 46(6.5] 46| 54| 45|182| 45(550| 41
10 3 4.5| 46| 52| 45(180| 45|548| 41|1.0 0.1
10 45( 45|173| 45|541| 41
1 | o 45(6.5| 44| 54| 41|182| 34|550| 22
1 3 4.5| 44| 52| 41{180| 34|548| 22|1.0 1.0
10 45| 421|173 | 34|541| 22
1 | o | 38(6.5| 34| 54| 22{182| 10{550| 4
0.1 3 4.5| 34| 52| 22|180| 10(548| 4|0.97 9.7
10 45| 22[173| 10|541| 4
1 |o|18|e.5| 12| 54| s5(182| 2
0.01 3 45| 12| 52| s|180( 2 0.7 77
10 , 45| 5/173| 2
1 |o| 7l6.5| 5|54| 2 .
0.00L | 3 45| 5|52] 2 0.25| 250
10 45| 2




TABLE V - EFFECT OF CONMECTING TRANSFCRMER-TYPE COMPENSATOR WITH

TWO PRIMARY ELFMENTS TO PRIMARY ELEMENT RESiSTANCE Ry AND

LOAD RESISTANCE Ry - Continued

. (b) Type UIC/18 39 W
Ry Ry Ty4s BEC Gisq B34
(megohms) | {ohms) [ 11.4 0 3.0 1.0 | 0.3 0.1 (mlcromhos)
Rp'|Faa |Bp' |Fxa|Bp' [F34|Bp' \Foa|Bp' |Faa|By' (Fa
1L | o | 46|1.0| 46| 25| 46| 73| 46]242 | 44|739| 20
10 3 21| 46| T1| 486|240 | 44(737| 40|1.0 0.1
10 14| 46| 64| 46(233 | 44|730| 40
1 | 0| 4501.0| 45| 23| 44| 73| 20242 | 31{739| 19
1 3 21| 44| 71| 401|240 331|737 19|1.0 1.0
10 14 | 44| 64| 40[23% | 31[730| 19
1 |0 | 41]1.0]| 40| 23| 32| 73| 19(|242 | 8|739| 3
0.1 3 21| 32| 71| 10l240| 8|737| 3lo.9y 9.3
10 14| 32| 64| 19233 | 8(730| 3
1 [o |2eft.0o] 25| es|12] 73] sl|24| 2
0.01 3 21| 127 71| s5(240| 2 0.59 59
10 14| 12| 64| 5|233| 2
1 Jo |18l1.0{16|235| 6| 73| 2
0.001 3 21| 6| 71| 2 0.12| 120
10 14| 6| 64] 2
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TABLE V - EFFECT OF CONNECTING TRANSFORMER-TYPE COMPENSATOR WITH
TWO PRIMARY ELEMERTS TO PRIMARY ELEMENT RESISTANCE R, AND
'LOAD RESISTANCE Rj - Concluded
(c) Type ADC/AX 3270 A
Ry, Ry Ty, BEC | G5 834
(megohms) | (otms)| 98 30 10 3.0 1.0 0.3 (micromhos)
Bp'|Fza| Bp'|Fzq|Bp'|Fzs|Bp' | Fza| Bp'|Fz4(Bp'|Fig
0.1 | o | 53|0.88| 33|2.5| 33|8.4| 33|26.3| 33| 88| 33
10 1.0 1.6 33|7.5| 33|25.4| 33| 87| 33| 1.0 0.1
10 . 16.4| 33| 78| 33
0.1} 0 | 33[0.88| 33|2.5| 53|8.4| 33|26.3| 32| 88| 30
1 1.0 " |1.8| 33(7.5| 33|25.4| 32| 87| 30| 1.0 1.0
10 16.4| 32| 78| 30
0.1 | 0 | 33/0.88| 33|2.5| 32|8.4| 30|26.3| 23| 88| 18 |.
0.1 Lo { - 1.8| 32|7.5| 30(25.4| 23| 87| 18 | 1.0 10
10 _ 16.4| 23| 78] 18
0.1 | O | 32(0.88| 30|2.5| 26(8.4| 18(26.3| 9| 88| 3
0.01 1.0 1.6| 26(7.5| 18(25.4| 9| 87| 3|0.99 99
10 16.4| 9| 78| 3
0.1 | 0 | 26 0.88| 18(2.5| 9|8.4| 4[26.3( 1
0.001 | 1.0 1.6 9(7.5| 4[25.4| 1 0.89 890
16.4| 1
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TABLE VII - SUMMARY OF COMPRMIATING BYSTEMS
[Por comaibion Ty = 1]

2388

~ A

Bys tem Frimery elemant Primary elemeht and|Donble primary cle-|Prizary slemant, RO|Primary element Primary alemstt Primary oloment
and R3 or RL transformsr-type ment and trans- or RL type oo:p;n- transformer, Rﬂ‘nr transformar, Rc’cn:' and mgativo.?aod-
gompensator compansator former-type oompen-|smtor, and d-a, HL b¥pe compensator, |RL type acmpen- baok amplifier

patar amplifier and amplifisr with sabor, and ampli- with compensating
lgtrl-rroqumay cut- fler with low- network in fesd-
-] frequency cut- baok I
(normal order)} o ooP
g.nvarted ardar}
Typical t . : -
osaporen T <_"5:i e S T 2 o P 4 w1
-

Transfar 1 - il B/ 1 1

funation T =g i | Y- —-—1-1-—‘3 T3 =y [TaTsTam Ra0y —y | YTsTeV) = Mokl A " 35 v et et

(Ry=0, Ry==) () ltmr Ly | R ! - +E¢

(2) () 4 L

. ] 1 1 : 5 i

onse of | %lyr, ensy, |2 (¥+1) /7 Omtigy /7 %) <

roe e +|1/r, r/r L]

e < A - R Al I Gl Wi g i
1 i 1 1 1 : + \ 1] 1

1 ! |

R ! I M Y7

;-—:ﬂ,\ | I ] I [ I

) ] | ! ] | !
0= [ — [7oe— —

low-fraquenoy Hone Hona Hone Hone

aut-off N

High-fraquenoy r/T, (#+1)/7, (W+1)/7, P/ Fsa/ T4,

aut-of f oy {

&) {a) (a)
HWinimim inpot (o] 2] o <
iopat ) B, w/l $Bg, /ety E2,n/054
4=t Bo,min

Lpor condition of neglixgible primary elamenbt resistmnocs and load adsittanos,
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TABLE VIII - EFFECT OF AMBIENT TEMPERATURE ON D-C. OUTPUT

NACA TN 2703

OF TRANSFORMER~TYPE COMPENSATOR

(a) Type UTC/A 27

NNAA”

Ty
R 3.0 1.0 0.3 0.1
(ohms) | Percentage error for 100° F temperature change
0.3 0.2 0.02 0.00 0.00
1.0 .6 .07 “.01 .00
3.0 1.5 .2 .02 .00
10 3.8 T .06 .00
(b) Type UTC/LS 39
T4
Ry 10 3.0 1.0 0.3 0.1
(ohms) Percentage error for 100° F temperature change
0.3 0.6 0.06 0.00 0.00 0.00
1.0 1.9 .2 .02 .00 .00
3.0 4.6 .6 .06 .01 .00
10 9.3 1.4 .2 .02 .00
(c¢) Type ADC/AX 3270
T4
Ry 30 [ 10 [ 3 | T [ 0.3
(ohms) Percentage error for 100° F temperature change
0.3 0.9 0.1 .01 0.00 0.00
1.0 1.9 4 .04 .00 .00
3.0 2.7 .7 .1 .01 .00
10 3.2 1.2 .04 .00

2388



TABLE IX -~ PERFORMANCE OF COMPENSATING SYSTEM OF FIGURE 17(b) FOR VARICUS COMBINATIONS

[Time comstant 74, 0.1 sec; signal-to-noise ratio oy, 3]

OF R, Ry, ARD C OF COMFERBATCR

A

Senaitivity Bensibility (due |Bensibility (due to |Ry = 1 megobm |Ry = 10 megohms|Rg = 100 megohms
to emplifier noise)|detector sensitivity)| ¢ - 0.1 mfd | C = 0.0L mPd | € = 0.001 mfd
8 Eo,min ~ |%0min"| Eo,min | To,min®| R f4,p | R f4,b R f4,b
(1n./100° ¥) | (miczévalte) | (%) |(microvolte) | (°F) |(omms) | (eps)|(ctme) | (eps)| (cmms) | (cps)
30 6.7 | 0.3 1.3 0.06 (85,700 | 47 [418,000 | 48 |--;-e-oo- -
10 20 0.9 4 0.2  [11,000 | 127 (120,000 | 140 |2,570,000 | 145
5 67 3 15 0.6 |[3,300 | 330 | 34,000 | 460 | 417,000 | 480
1 200 9 40 1.8 | 1,100 { 610 | 11,000 | 1270 | 118,000 | 1430
0.3 670 30 135 8.0 550 | 870 | 3,50 | 3300 | 54,000 | 4800

BChromel-alumel thermocouple.
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NACA TN 2703

6Ty

52
1. ——
|
//
/
. v
o s o
gﬁ ML /ATy =1 - ¢
s /
~ .6 /
3
1/
P
i
P
3
g
.2 /
Q T3 2Ty 3Ty 47, 571
(a) Time history of response to step change.
L I |
Gas t:ampera.;ture, To
 Primery ‘element' temperature, T,
T // _ | >
o / T, / /
"?g Time lag S~
)
g
&
W
0 (%)/a) n/w (%ﬂ-) /a) 2n/o <5—2’£)/ ® 3n/m

Time,

t

(b) Time history of response to sinusoidal variation.

Figure 1. - Response of primary element.
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NACA TN 2703

1 L
\‘\ E:
N
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N
o
N
1 N
IE(._' L] ‘\
- ~
3
» N,
8 \Y
0
L ' N
N
§ .01 X
— N
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\\
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.001
(c) Frequency-response relatidn; amplitude ratio.
100 ] T1
\\\
N T
80 80 »
g \ » .81’1
&
- 80 .671
; N
N
5 7 T\
g) 40 [/ \\ -41’1
; // !
@ N
g 20 4 A ¥-251
A~y / . \\
<
Il |~ ~ ]
0 == == 0
.01/1'1 .1/1’1 1/1'1 lO/Tl 100/1'1 1000/1'1

Angular frequency, ©
(d) Frequency-response relation; phase and time lag.
Figure 1. ~ Concluded. Response of primary element.

Time lag, t*



(a) RC type.

(b) RL type.

(c) Transformer type.

NACA TN 2703

1 1+ T4_P
N V)5
T4 = RCC
r=Rg/R +1
1+7
T4lp) = 1 40
rl + 3747r5p
T4 = L/Ryg,
r =R/Rp, + 1
1+7T
ralo) - L1 I
1+
Ty = (N+1) Ll/BP

AR

Figure 2. - Basic compensator networks and their transfer funections.
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NACA TN 2703

B+l

1.0

[t (30|

|

I

I |
l/T4 I‘/T4

() Value of |Y(3n)| as function of frequency

for RC and RL compensators. (Log-log scale.)

I
|
I
I
I
|
|
|
|
|
I
I
|

1/, (F+1)/7y ~R&A
Angular frequency, o

(e) Value of |Y(J)l as function of frequency for
transformer-type compensator. (Log-log scale.)

Figure 2. - Concluded. Basic compensator networks
and their trensfer functions.
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56 ’ WACA TN 2703

Ot [ g @ o o—t——=e
eo Yl el Yz 82 Y3 83
ot © g @ L r—t—=e

ez = Y3e2 = Y3Y2el = YSYzYleO

() Cascaded system.

2,1 2,1
o——& RPN
€1 €2
o— —
Ya,2 ez,2

eg=ep1 +egp=(¥p,1 +¥p2) e = Ypey

(b) Additive system.

v' Yl v Y4 o
- = T1P
® 1+T,p® ®
O— —
eq . ep
© —
- 1 -
- 1

l+1'1P - W

ez/eo = Yl :|'Y1Y4 =1

(c) Exemple of combined cascaded and additive systems.

Figure 3. - Transfer functlon composition for linear systems.
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NACA TN 2703

Network

Gas temperature

Primary element’

Transformer

Amplifier

Compensator

Detector

TL
e Q
T
P o ¥
©2,a
] ° ®2,b
R
3,2
2, us
2 w3 g
R
3’3 (D3 b
e ’
3*3 B2 n
L] L ]
T4
Fa
s 0 Gy
$ A
85

57

Performance parameters

ep = ATy - Tg)

time constant
emf per unit temperature change

ey =.Q(Ty - Tg)

turns ratio
low-frequency cut-off point

high-frequency cut-off point

amplification factor
low~frequency cut-off point
high-frequency cut-off point
equivalent rms input noilse

time constant .
response improvement factor
gain factor

sensibility
sensitivity

NNAGA

Figure 4. - Typical block diagram for definition of terminology.
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r
-1 (uncompensated)
.
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5 M~ [N
— A
g 10 A
g
\_:' . A\
A N
U
§ 33
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m
g .ol 200
a ‘\S\
; S
E
.00 \
0L/ Ty 1/T, 1/74 10/14 100/7,

Figure 5. - Response of primery element with RC or RL compeneatar.
resistance and compenestor load admitteance assumed negligible.

Anguiar frequency, o
(a) Prequency-response relation; amplitude ratio.
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Phase lag angle, ¢, deg

2388
100 | \\\ Ta/T
\\ ]
80 e .8Ty/r
N\ | /
60 \’/ 6Ty/T
//\\
40 / \ ATy /r
f/ \
20 /// \\. -1 21‘4/1;
tan™t (o 7,/ x;) \;Gan (wry/x) '
’—’/
0 et T | e = - S 0
.01/ (T4/r) 1/(T4/r) 10/(7y/r) 100/ (T4/7) 1000/ (T-4 /)

L1/ Tq_/r‘)

Flgure 5. - Continued.
mary element resistance and campensator load admittance assumed negligible.

Ty =71,

Angu_‘l.ar frequency, © W

(b) Frequency-response relation; phase lag and time lag.

Response of primary element with RC or RL compensator.

Pri-

Time lag, t*
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| T T
Asymptotic
hiow Egé — /

N

to unilty
r /
1
Amc ampensated )

4

-t/(‘l'éﬂ/r))

(

< ot
_—— | 4B c
L 5.3 _— t00s

A L

= (1/r) \1-¢

Amplitude change ratio

[

Beyfbeq

=
e

- 33
— 100

.11:4 .2T4 .5T4 .4:T4 ’ .5T4 -61'4
Time, t
(c) Time history of response to step change.

Figure 5. - Concluded. Response of primary element with RC or RL com-
pensatar. Primary element reslstance and compensator load edmittance

assumed negligible. T, = T,. .
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WACA TN 2703

(&) RC compensator.

"Ry | R T
ez [ BL : R?\% ey
i b—¢— +- ¥

] |
—_—— Lo o

IS

é

(b) RL compensator.

Flgure 6. - RC and RL compensators
connected to source and losad.
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Network

Primary element

Amplifier

Compensator

Detector

€4

Ty

Q

Hz

NACA TN 2703

Performance parameters

time constant

emf per unit tempereture change

amplification factor

w3 o low-frequency cut-off point

Wz 1, high-frequency cut-off point

EZ,N equivalent rms input noise

time conétant
response lmprovement factor

gain factor

sensibility

sensitivity

Figure 7. - RC or RL compensating system using amplifier.
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NACA TN 2703
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(a) Prequency-response relation; amplitude ratio.
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oL 1 Tl Lbr o
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Angular frequency,
(b) Prequency-response relation; phase and time lag.

Flgure 8. - Response of RC or RL compensating aystem using amplifier with
high-frequency cut-off. Te
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Flgure 8. - Concluded. Response of RC or RI. compensating eystem using

amplifier with high-frequency cut-off. T4 = T,.
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NACA TN 2703 65

Amplitude ratilo,
[ra(du) Y5(3w) ¥y (J0)

""5(} — T

N
R4 N
7 N
7/ // \\\
o1 G
Hzly <
AN
Y
\\
N
7 \
A \\
.01”.304
(a) Frequency-response relation; amplitude ratio.
100 Y O L 1 U Y B A W
—— __¥o low-frequency cut-off
------- 03,8 = 0.001 Fy/1s 7]
80— - ms’a - 0.01F4_/T4: /’
— ——————®3 .3 = 0.1F; /14 7
60 //’
&0 //
Q 40 4
L] /: A
-
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_100 1 . I_L 11
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Angular frequency,
(b) Frequency-response relations; phase lag angle,

Figure 9. - Response of RC or RL compensating system using amplifier with
low~frequency cut-off, T4 = Tp.
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Amplitude change ratio, Ae4/Ae0

Maximum amplitude ratio, Aes max/Aeg

NACA TN 2703

l.0p.3G4
} e
L] S
/- ]
// — ¥No low-frequency cut-off
-8p30y /{/ — — Wz 9 = 0.01Fy/ 74 —
/ _ (03’& - 0.1F4/T4
Il 4 -
U .
- 1/ .
-BuzGy f
/’/ ~\"\
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{ \\
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-4uzCy <]
-0z gt -Fat/T4
Ae —_— -
beq 554 "Iz o(T4/Fy
.2[.13(}4 L
0 21’4/2?4 474/1-"4 674/1?4 8T4_/F4 101'4/?4
Time, t
(c) Time history of response to step change.
1.0pzG4 ——— 10(1’4_/F4)
///—‘
A g
BUuzGy / 8(1'4/F4) 3
W g
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/ // 2
+61zCGy P ’5(1'4/F4) E
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I <
,/ G
ANl iy » % 4(74/F4) §
g
P o
f’/ 4:’
1
-2us0y T 2(7y/Fy) 5
L
o] L l' (e}
10 100 1000

1
Ratio of upper frequency limit to low-
frequency cut-off, Fu/(T 403, a)

(d) Maximum value reached and time to reach
maximum value 1n response to step change.

Figure 9. - Concluded. Response of RC or RL compensat-
+ ing system using amplifier with low-frequency cut-off.

T4 - Tl,
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Network

Primary element
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Amplifier
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ey Bs
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Performance parameters

time. constant -
emf per unit temperature change

time constant
response improvement factor

gain factor

amplification factor
low-frequency cut-off point
high-frequency cut-off point
equivalent rms input noise

sensibility
sensitivity

SNACA

Figure 10. - Compensating system with positions of amplifier and
. compensator interchanged.



68

Network

Primary element

Transformer

Amplifier

Compensator

Detector

o4
o<F1 *31%1

®2,a
®2,b

NACA TN 2703

Performance parameters

time constant
emf per unit temperature change

turns ratio
low-frequency cut-off point

high~-frequency cut-off point

amplification factor

low-frequency cut-off point
high-frequency cut-off point

equivalent rms input noise

time constant
response lmprovement factor
gain factor

sensibllity
, sensitivity

HAGR

Figure 11. - Compensating system using transformer as noise-free
preamplifier.

i

88gz



NACA TN 2703 69
;Qthc—mIg_m_ sformer  Output trensformer |
1
I~ f——— R L. !
! / ze) / O+ O —
e % e e Jrd | , B
A ; o) o 0 O : o —
|
|_ Chovper _ f-c. amplifier  Chopper _ Friter |
] Primary element Chopper-type amplifier Compensator
(a) Chopper-type amplifier.
¢e=1 :
/L
o Q Q o
Y3 & Yp ey T3 eg Yy ey (ep+ey)
6 O- ] —,_.
Primary element Transformexr Amplifier Compensator

000

Primary element

~ma

(b) Addition of signal from second primary element.

Figure 12. - Techniques for maintaining d-c. response when transformer

or a~c¢. amplifier 1s used.
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K3

WACA TIN 2703

»b

Amplifier

)

€z4
—3

Compensating network,

~§

Figure 13. - Negative feedback amplifier with compensating
network in feedback loop; Bgc»

tage ez, appearing across RF at zero frequency; T4

fraction of output vol-

product of capacitance C and parallel resistance of
output and Input resistances of compensating filter.
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(a) Basic transformer circuit.

Transformer

Elements shown dashed may be neglected for

most compensator applications. The iron losses are represented by
1p° Ryy-

- —
ey R
o—_1
1+T4P
Y34 = ¢ 7 7F D
(b) One primery element.
Rpl
r— AVAVAY, -3
Bp
Rp" Bg ! Ry
€1 1 I ‘2 i
' M '
r |
%Rl 1
e
L At
1+Tp
34 = C 77 )

(c) Two primary elements.

SWAAT

Figure 14, - Transformer end lts use as compensator.
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Amplitude ratio, |Ya(dw) ¥y(ju)]

-

NACA TN 2703
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.01 ]
i \-5
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N L1 Ll
.1/7, /7, - 10/, 100/7,

Angular frequency, o
(a) Prequency-response relation; amplitude ratio.

Figure 15. - Effect of mismatch between primary element and compensator time
' constants; F4G4 assumed equal to 1.

i

88¢2



A4

2388

NACA TN 2703 73

.02

Té/%l ' ‘ r
N
100 N
o1 L S —
0
g
S -2
3
e~
B
2] 1 l\\\\.\__‘ 10
% . '5///
G e
[1}]
o
=
g 0
1.0
2] ‘ . 2
-5 L—"" ’_—‘*
/ 5 /
//
i éz;// : |
0 2T, 41, 6Ty
Time, t '

(b) Time history of response to
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Figure 15. - Concluded. Effect of mismatch between
primary element and campensator time constants;
F4Gy assumed equal to 1.
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(a) Block diagram.
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Performance parameters
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gain factor

sensibility

sensitivity

~mE

Figure 17. - Compensated system for measurement of alternating -
component of temperature.
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(b} Represemtstive arrangs=ment of spparatus.

Figure 17. - Continued, Compensated system for measurement of élternatj_ng camponent of temperature.
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Figure 17. - Continued. Compensated system for measurement of alternating
compongnt of tempereture.
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(d) Electrical analog of thermocouple with
ad justeble time constant.

el i
t = — = —_—

- Ry .1(Ry 2Ry)
_ 70,1 ,a 1
where Tq = Ro,l R ,2*31

By
Gy =
1 Ro,1Ro,2#R)

Figure 17. - Continued. Compensated system
for measurement of alternating component
of temperature.
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(e) Bucking circuit to reduce d-c. emf
level.
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(£) Capacitance coupling circuit to

block d-c. signa.l. W

XC( a%) must be small compared with Ry

Figure 17. - Concluded. Compensated system for meas-
urement of alternating component of temperature.
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Detector (d:Lrect e - 55 sensibility
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(a) Block diagram. A
Figure 18. - Compenseted system for measurement of airerage value

as well as alternating component of temperature.
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Fgure 18, - Jontinued,
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recorder)
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(b) Reprosentative arrangement of spparstus.

Compensated system for méa.auremant of sverage value as wall as alternating compcnent of tempsrature.
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(c¢) Reference-temperature compensation circuit for thermocouple.

Tlgure 18. - Conbtinued. Compensated system for measurement of average value
as well as alternating component of temperature.
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() Kelvin bridge circuit for resistance thermometer element.
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Angular frequency, m, rad/sec .

(e) Frequency-response relation; amplitude ratio. W

Figure 18. - Continued. Ccmpensated system for measurement of
average velue as well as alternating component of .temperature.
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